Purpose: To evaluate the changes in the corneal thickness, anterior chamber depth and posterior corneal curvature and aberrations after scleral lens wear in keratoconus patients with and without intrastromal corneal ring segments (ICRS). Methods: Twenty-six keratoconus subjects (36.95 ± 8.95 years) were evaluated after 8 h of scleral lens wear. The subjects were divided into two groups: those with ICRS (ICRS group) and without ICRS (KC group). The study variables evaluated before and immediately after scleral lens wear included corneal thickness evaluated in different quadrants, posterior corneal curvature at 2, 4, 6 and 8 mm of corneal diameter, posterior corneal aberrations for 4, 6 and 8 mm of pupil size and anterior chamber depth. Results: There was a statistically significant corneal thinning (p < 0.05) in the inferior region of the KC group and in the superior region of the ICRS group. No change (p > 0.05) in the anterior chamber depth was found. The KC group showed a steepening (p < 0.05) in the temporal quadrant and a flattening that mainly affected to the superior-nasal quadrant. The ICRS group showed a steepening (p < 0.05) that mainly affected to the superior-nasal quadrant. Regarding posterior corneal aberrations, only changes (p < 0.05) in Z4 for 8 mm and Z8 for 4 mm were found in the KC group. Conclusions: Short-term scleral lens wear showed a thinning of the cornea and changes in the posterior corneal curvature affects different regions in keratoconus patients with and without ICRS.
Introduction
Scleral contact lenses (ScCL) are rigid gas permeable with a large diameter. They have gained renewed interest during the last decade and have become an important tool in visual rehabilitation of patients with an irregular corneal surface from conditions such as keratoconus, keratoglobus, penetrating keratoplasty [1] and severe ocular surface disorders such as Sjogren´s syndrome [2] , exposure keratopathy and Steven-Johnson´s Syndrome [3] .
With ScCL, the post-lens tear film neutralizes the majority of corneal astigmatism, to correct most of the higher order aberrations and provides the cornea with continuous hydration [4] . Furthermore, patients tolerate scleral lenses better than corneal RGP lenses due to better comfort, excellent visual acuity and ideal centration [5] .
ScCL are manufactured with high oxygen permeable materials, to maximize passage of oxygen through the lens [6] . The potential effect of ScCL on corneal hypoxia and oedema has been studied [7, 8] . But there is not a consensus on the effect of scleral lens wear on corneal thickness, related to oedema. Corneal swelling has been shown by some authors, while other authors have found corneal thinning [9] [10] [11] [12] [13] . Studies of keratoconus patients have shown significant increase in central corneal thickness after eight hours [10] and after one week wearing scleral contact lenses [9] . However, there are not published studies that analyze the effect of ScCL wear on the corneal thickness in different quadrants. Several studies have shown the effects ScCL have on the ocular surface in healthy patients compared to keratoconus patients, evaluating anterior corneal curvature, tear physiology and corneal temperature [9, 10, 12, [14] [15] [16] , but only one study has been performed on the effect of scleral lens wear on the posterior corneal curvature in healthy patients [11] . Their results cannot be assumed to be similar for keratoconus patients and patients with intrastromal corneal rings (ICRS), because of their differences in corneal biomechanics, anterior and posterior corneal physiology [17] .
Changes in corneal thickness and posterior corneal curvature during ScCL wear can compromise visual function [18] . The aim of this study was to investigate the changes in corneal thickness, and posterior corneal curvature and aberrometric parameters across the corneal posterior surface before and immediately after eight hours of wearing a ScCL in keratoconus subjects with and without ICRS.
Material and methods
Twenty-six keratoconus subjects were recruited for the study in the Optometry Clinic of the Faculty of Optics and Optometry of the University Complutense of Madrid to participate in an experimental, short-term study. The inclusion criteria was to have keratoconus at least grade I (following the Amsler-Krumeich classification) with or without intracorneal rings segments implanted. The exclusion criteria were presence of ocular allergies and their treatment reported by the patients, atopy and ocular and lid disease. Subjects were divided into two groups: keratoconus without ICRS (KC group) and with intracorneal ring segments (ICRS) (ICRS group). The subjects in this study were the same subjects from other studies conducted by the research group on ocular temperature [15] , tear turbidity [19] and ocular physiology [14] changes after ScCL wear. Moreover, the study was conducted in compliance with good clinical practice guidelines, institutional review board regulations and the tenets of the Declaration of Helsinki [20] . Subjects signed an informed consent and were free to drop out the research at any time. In addition, the study was approved by the Ethics Committee (CEIC) of the Hospital Clínico San Carlos of Madrid.
One week prior to the experimental day, all subjects were fit with ICD 16.5 (Paragon Vision Sciences, Mesa, AZ USA) ScCL with an overall diameter of 16.5 mm. All lenses were fit by the same practitioner. The ScCL was selected to provide a corneal clearance of 300-400 μm, following the manufacturer's fitting guide. The corneal clearance was evaluated by slit lamp examination using an optic section to estimate the tear layer thickness compared to the lens thickness. Once the lenses were calculated, the adequate lens for each patient was ordered to the manufacturer.
All subjects were instructed to wear the ScCL for eight hours. Subjects who were contact lens wearers prior to the study were required to stop wearing contact lens at least 1 week before the evaluation day. Topographic and aberrometric parameters were evaluated before lens wear and immediately after lens removal after eight hours of wear with the Oculus Pentacam system (Oculus, Wetzlar, Germany). The Oculus Pentacam system is a rotating Scheimpflug camera. The rotational measuring procedure generates three-dimensional Scheimpflug images of the anterior segment of the eye from as many as 25,000 true elevation points. The analysis of the anterior eye segment includes a calculation of different types of maps. Three measurements that had an examination quality specification graded as "OK" were done. Posterior corneal curvature, corneal thickness, anterior chamber depth and Zernike coefficients of the posterior cornea were assessed. Posterior corneal curvature was evaluated at 2, 4, 6 and 8 mm of corneal diameter and at 0°, 45°, 90°, 135°, 180°, 225°, 270°and 315°meridians. Corneal thickness was measured central, nasal, temporal, superior and inferior quadrants. Finally, posterior corneal aberrations were analyzed considering pupils of 4, 6 and 8 mm. Before and after ScCL wear measurements were performed in the same day, at least one week after to be ordered and only in one eye of each patient, selected randomly. More details about the scleral lens in Table 1 .
Statistical analysis
Data were analyzed using the statistical software SPSS 22.0 (SPSS, Inc., Chicago, IL). Sample size calculations were performed with statistical software (Granmo 6.0; Institut Municipal d'Investigacion Medica, Barcelona, Spain). Posterior corneal curvature was the main variable, based on a two-sided statistical significant threshold of 0.05 and a risk of 0.20, for a standard deviation of 0.6 units, in order to detect a difference of 0.7 units, at least 12 subjects were needed to be included in each group to establish statistical significance. The values presented are the means ± SD of the experiments performed. Normal distribution of variables was assessed by the Shapiro-Wilk normality test. Differences between topographic parameters prior to lens wear and after lens removal after eight hours were estimated by Student-t test for paired samples. Differences between aberrometric parameters were evaluated using the Wilcoxon test. P < 0.05 was considered statistically significant.
Results
The range age of the patients was from 25 to 51 years old (mean: 36.95 ± 8.95 years. Eleven patients, five in the KC group and six in the ICRS group, wore ScCL before the beginning of the study. There were no statistical differences between these patients who wore ScCL and the new wearers for any parameter evaluated. Corneal pachymetry in different quadrants of the cornea and the anterior chamber height changes after scleral lens wear are summarized in Table 2 . There was a statistically significant decrease (p < 0.05) in superior pachymetry for all subjects and the ICRS group. In the KC group, there was a statistically significant decrease (p < 0.05) in inferior pachymetry. No change (p > 0.05) in anterior chamber depth was found in any group. Table 3 shows the posterior corneal curvature values before and after ScCL wear for all subjects. There was a statistically significant steepening (p < 0.05) at 8 mm in 0°meridian, at 4 mm in 45°and 90°m eridians, at 4 and 6 mm in 135°meridian and at 6 mm in 225°mer-idian. In contrast, there was a statistically significant flattening (p < 0.05) at 8 mm in 225°and 270°meridians and at 4 and 6 mm in 315°meridian.
In the KC group, Table 4 shows the posterior corneal curvature values before and after ScCL wear. Additionally, these changes are graphically represented in Fig. 1 . There was a statistically significant steepening (p < 0.05) at 4 and 6 mm in 135°meridian and at 6 mm in 225°meridian. Conversely, there was a statistically significant flattening (p < 0.05) at 2 and 4 mm in 0°meridian and at 6 mm in 90°and 315°meridians. In the ICRS group, Table 5 shows the posterior corneal curvature values before and after ScCL wear. These changes are also represented in Fig. 2 There was a statistically significant steeping (p < 0.05) at 2 mm in 0°meridian, along the entire 45°meridian and at 4 mm in 90°and 135°meridians. There was only a statistically significant flattening (p < 0.05) at 8 mm in 225°meridian.
The posterior corneal aberrations changes after 8 h of ScCL wear are shown in Fig. 3 . No changes (p > 0.05) in posterior corneal aberrations were found in terms of Root Mean Square (RMS), High order Aberrations (HOA) RMS, Low Order Aberrations (LOA) RMS, Z3 (oblique astigmatism), Z4 (defocus), Z5 (vertical astigmatism), Z7 (vertical coma), Z8 (horizontal coma) and Z12 (spherical aberration) in any group and pupil diameter, except in Z8 for 4 mm in the KC group (p < 0.05).
Discussion
The development of modern rigid gas permeable (RGP) materials with high oxygen permeability (Dk) have allowed safer wear of contact lenses. However, ScCL wear does reduce the amount of oxygen getting to the cornea due to the lens and the post-lens tear layer thickness [7, 8] . Hypoxia is a trigger factor for corneal oedema, which could comprise the safety of this optical treatment. Despite the fact that ScCL have become one of the main modes of correction for keratoconus patients, their safety and effect on the anterior segment must be carefully studied. Previous studies have shown the effect of ScCL on ocular surface in keratoconus patients [9, 10, 14, 15] . The present study is the first to report on changes in the anterior chamber depth, corneal pachymetry, posterior corneal curvature and aberrations across the cornea after ScCL wear in keratoconus patients with and without ICRS.
All the data was collected from the Pentacam system, which is a reliable and repeatable instrument in keratoconus patients [21] . This study showed a statistically significant thinning of the cornea that affected different regions in each group after 8 h of ScCL wear. The location of this thinning is the superior quadrant in "all subjects" group and in the ICRS group, while in the KC group, the location was the inferior quadrant ( Table 2 ). The reduction in thickness was 2.03% in all subjects and the KC group and 2.77% in the ICRS group. Relative to anterior chamber depth, no statistically significant change was found after 8 h of scleral lens in any group. Anterior chamber depth and intraocular pressure should be evaluated in future long-term studies to ensure ScCL safety in these parameters.
No consensus on the effect of ScCL wear on corneal thickness has been reached. Some authors found a swelling of the cornea not exceeding 4%, while others found a corneal thinning [9] [10] [11] [12] [13] . In healthy subjects, Vincent et al. [11] did not find differences in corneal thickness after 3 h of wearing ScCL. However, they reported a thinning 3 h after scleral lens removal. Vincent et al. [12] and Lafosse et al. [13] showed a corneal thickness increase after 8 h of wearing ScCL in young and presbyopic subjects. In keratoconus patients, Soeters et al. [9] found a decrease in central corneal thickness 1 week after ScCL removal compared to immediately after ScCL removal, without specifying how many hours they wore the lenses. Additionally, Esen and Toker [10] reported an increase in central corneal thickness after 8 h of ScCL wear. No Table 3 Posterior corneal curvature in different points of the cornea before and after scleral lens wearing for the total sample. * p value < 0.05. Student's t-test for related samples. studies analyzing changes in the anterior chamber depth were found in the scientific literature. Studies with healthy subjects [11] [12] [13] should not be compared or extrapolated to keratoconus patients due to differences in corneal biomechanics and posterior corneal physiology [23] . Two studies looked at central corneal thickness in keratoconus patients [9, 10] . Their conclusions should be considered cautiously based on our results that show no changes in the apex pachymetry. The reason for sectorial corneal thinning is unclear. These thickness changes could be due to epithelial compression, following the same mechanisms as in orthokeratology [24, 25] . Another hypothesis could be related to an increase in post-lens tear layer osmolarity during ScCL wear, inducing fluid loss of the stroma resulting in corneal thinning. The only study about ScCL and osmolarity [14] reported a decrease in tear film osmolarity after lens removal, but this would not relate to post-lens tear layer osmolarity during lens wear. On the other hand, the region where thinning varied between the KC and ICRS groups could be related to the differences in biomechanical and posterior physiological properties after ICRS implantation in the inferior region of the stroma [26] . A deeper analysis of potential changes in the epithelium and endothelium would be recommended for future studies to explain these outcomes.
In relation to posterior corneal curvature, we found ScCL wear affected keratoconic corneas with and without ICRS differently. In the KC group, there was a flattening and a steepening in the superior-nasal and temporal regions respectively. On the other hand, in the ICRS group, there was a steepening in the superior region, mainly in the superiornasal meridian, and a flattening that only affected to one peripheral location. These changes in the posterior curvature would not be Error bars represent mean ± SEM (n = 13). *P value < 0.05, Student's t-test for related samples.
considered clinically relevant from an optical point of view since the refractive index of the cornea (1.376) and the aqueous humor (1.336) are similar. However, the physiological implications should be considered for future studies.
No studies about the influence of ScCL wear on corneal posterior surface of keratoconus patients were found in the scientific literature. In healthy subjects, only Vincent et al. [12] reported no changes in the central 6 mm of the posterior corneal surface after 8 h of scleral lens wear. The changes found in the present study could be related to corneal swelling producing a flattening of the posterior surface [27] . In this case, thinning of the cornea could be producing a contrary effect, a steepening of the posterior surface. In the ICRS group, thinning of the superior quadrant coincides with the steepening of the superior quadrant. However, in the KC group, thinning was found in the inferior quadrant, while steepening occurred in the nasal quadrant. Also, in this group, there was a flattening in the superior-nasal quadrant that does not seem to be related with a corneal swelling in this location.
In relation to posterior corneal aberrations, only the KC group had statistically significant differences in horizontal coma (Z8) for 4 mm and defocus (Z4) for 8 mm after ScCL wear. These changes are not clinically relevant because there were not changes in HOA RMS or LOA RMS. The variations in Z8 are associated with an elevation of the posterior corneal surface in the horizontal meridian, coinciding with the location of the posterior corneal curvature changes. No studies analyzing the posterior corneal aberrations after scleral lens wear were found in the scientific literature.
This study presents some limitations that must be considered. Tear exchange and tear clearance under the lens in the different quadrant, to establish the theoretical Dk/T value of the lens system, have not been evaluated. These parameters could be explain some relationship between corneal thickness and posterior curvature and hypoxia and oedema. The parameters analyzed in the present study do not help explain the mechanism of the changes in thickness and pachymetry. Development of a new method to analyze the post lens tear layer osmolarity and the in-vivo analysis of the endothelium and Descemet's membrane may help clarify the previous hypothesis proposed in this section about why these changes occur. In order to confirm the safety and clinical implications of scleral lens treatment for keratoconus, new long-term studies evaluating other study variables as previously mentioned should be addressed. Moreover, in this research, the ICRS were located in the inferior corneal but the methodology used was not sufficient accuracy to correlate the stromal rings position and the curvature and pachymetry changes in this area without bias. Specific studies about the correlation between these parameters could be interesting.
In conclusion, short-term ScCL wear showed a thinning of the cornea and changes in the posterior corneal curvature that appears to affect to different regions in keratoconus with and without ICRS. The thinning of the cornea affects the inferior and superior regions in the KC and ICRS groups respectively. In addition, it produced a flattening and a steepening of the superior-nasal curvature in the KC and ICRS groups respectively. ScCL wear also induced a steepening of the nasal curvature in the KC group. However, additional long-term follow-up studies are necessary to understand the mechanisms of these changes and their clinical relevance.
